Low-temperature thermal chemical vapor deposition (thermal CVD) synthesis of multi-walled carbon nanotubes (MWCNTs) was studied using a large variety of different precursor compounds. Cyclopentene oxide, tetrahydrofuran, methanol, and xylene:methanol mixture as oxygen containing heteroatomic precursors, while xylene and acetylene as conventional hydrocarbon feedstocks were applied in the experiments. The catalytic activity of Co, Fe, Ni, and their bi-as well as tri-metallic combinations were tested for the reactions. Low-temperature CNT growth occurred at 400 8C when using bi-metallic Co-Fe and tri-metallic Ni-Co-Fe catalyst (on alumina) and methanol or acetylene as precursors. In the case of monometallic catalyst nanoparticles, only Co (both on alumina and on silica) was found to be active in the low temperature growth (below 500 8C) from oxygenates such as cyclopentene oxide and methanol. The structure and composition of the achieved MWCNTs products were studied by scanning and transmission electron microscopy (SEM and TEM) as well as by Raman and X-ray photoelectron spectroscopy (XPS) and by X-ray diffraction (XRD). The successful MWCNT growth below 500 8C is promising from the point of view of integrating MWCNT materials into existing IC fabrication technologies.
alumina) and methanol or acetylene as precursors. In the case of monometallic catalyst nanoparticles, only Co (both on alumina and on silica) was found to be active in the low temperature growth (below 500 8C) from oxygenates such as cyclopentene oxide and methanol. The structure and composition of the achieved MWCNTs products were studied by scanning and transmission electron microscopy (SEM and TEM) as well as by Raman and X-ray photoelectron spectroscopy (XPS) and by X-ray diffraction (XRD). The successful MWCNT growth below 500 8C is promising from the point of view of integrating MWCNT materials into existing IC fabrication technologies. 1 Introduction In order to exploit the unique properties of carbon nanotubes (CNTs), we have to be able to integrate CNTs with existing materials and technologies. Direct growth of aligned CNT films on a desired substrate would be a practical, cost-effective, and elegant method but the bottleneck is the high synthesis temperature which is incompatible with many materials. For instance, in the case of IC fabrication technologies, direct CNT growth should occur below 500 8C. Typically when using thermal chemical vapor deposition (thermal CVD) or plasma enhanced chemical vapor deposition (PECVD) to produce uniform, highly graphitized, well-aligned CNT films the growth temperature should be around 600-800 8C [1] [2] [3] [4] [5] [6] [7] [8] [9] , although there have been reports of CNT growth below 600 8C using various types of catalyst/precursor combinations. Low temperature carbon nanofiber/nanotube growth by PECVD has been accomplished on Ni [10] [11] [12] [13] [14] [15] [16] , Fe or Fe-Mo [17] , and Ni 0.67 -Fe 0.33 [18] catalysts from mainly C 2 H 2 /NH 3 or CH 4 /H 2 precursors. Low temperature thermal CVD grown nanotubes were synthesized from C 2 H 2 /NH 3 and C 2 H 2 precursors on Al-Fe [19] and Co-Ti [20] layered-type catalysts combinations, respectively.
Here we report on a low-temperature MWCNT growth (below 500 8C) on mono-, bi-, and trimetallic catalyst materials by thermal CVD using acetylene as well as heteroatomic precursors (cyclopentene oxide and methanol). 2.2 Synthesis of mono-, bi-, and trimetallic catalysts on alumina and CNT growth Each catalyst was synthesized by wet impregnation and subsequent thermal decomposition of the corresponding metal-nitrate salts. Catalyst powders with total metal loadings of 5% by weight were applied (i.e., 5% in monometallic; 2.5% of each metal in bimetallic; and 1.67% of each metal in trimetallic catalyst). In a typical synthesis, a proper amount of nitrate salt of iron, cobalt and nickel (SigmaAldrich) were dissolved in ethanol and sonicated with aluminum-hydroxide/ethanol suspension for 10 min followed by the evaporation of ethanol at 60 8C in vacuum. One hundred milligrams of the as-prepared catalyst powders were pre-heated for 10 min in N 2 immediately before the CNT growth process. N 2 gas with flow rate of 100 mL/min was bubbled through a saturator containing methanol thermostated at 60 8C and the gas mixture was lead to a preheated tube furnace (300-500 8C). After an hour of synthesis time the product was allowed to cool down in N 2 gas.
Experiments with acetylene were carried out by adding 10 mL/min carbon source to the 100 mL/min N 2 carrier flow (total flow rate of 110 mL/min). Catalyst composition of 2.5-2.5-2.5% Fe-Co-Ni on alumina was applied.
Analysis of growth products
Raman spectra of the samples were assessed by a Horiba Jobin-Yvon LabRAM HR800 UV-Vis m-Raman spectroscope equipped with an Ar þ laser (wavelength of 487.99 nm). Field emission scanning electron microscopy (FESEM, Zeiss ULTRA plus and Hitachi S4700), transmission electron microscopy (TEM, Philips CM10 and LEO 912 OMEGA, 120 kV), and high-resolution transmission electron microscopy (HR-TEM, FEI Tecnai G2 T20, 200 kV) were utilized to study morphology and structure of the nanotubes. Chemical composition was analyzed by X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD, with monochromated Al Ka source, analysis area of 0.3 Â 0.7 mm 2 , with charge neutralizer). Processing of the spectra was accomplished with the Kratos software. X-ray diffraction (XRD) (Rigaku MiniFlex II, Cu Ka source) was used for crystal structure explorations.
3 Results and discussion The synthesis produced clearly visible black deposits already at 470 8C when using Co and cyclopentene oxide whereas chips remained blank when using other catalyst nanoparticles (i.e., Fe) or precursors (methanol, xylene, xylene:methanol, tetrahydrofuran). FESEM analysis shows films of curved tangled tubular features on the substrate (Fig. 1a) . The thickness of the films (not uniform) is less than a micrometer. TEM and HR-TEM (Fig. 1b-d) reveal the material consists of highly defectious multi-walled carbon nanotubes (MWCNTs) with considerable amount of amorphous deposits. Raman spectrum in Fig. 1e shows the typical D-and G-bands of sp 3 and sp 2 hybridized carbon at 1344 and 1605 cm À1 , respectively. According to XPS shown in Fig. 1f the majority of the deposit is graphitic carbon (carbon concentration at the sample surface is $99.0 at.%). The asymmetric shape of C 1s peak is typical for carbon in sp 2 hybridization. The detected www.pss-b.com oxygen ($1.0 at.%) is mainly due to oxygen containing surface functional groups [21] and traces of Co(OH)O catalyst. In the case of monometallic catalysts synthesized on alumina nanoparticles, formation of carbonaceous deposits was not found up to 500 8C from methanol precursor. However, when applying bimetallic and trimetallic catalysts, clear appearance of carbonaceous deposits was observed already at 400 8C or below, and showed sharp increase of the deposited product with temperature (Fig. 2) . The most active catalyst compositions were Fe-Co (2.5-2.5%) and Fe-Co-Ni (1.67-1.67-1.67%).
X-ray diffraction patterns shown in Fig. 3 support the gravimetric measurement data. The graphitic (002) reflection at 25.98 appears for the samples grown at or above 400 8C (Fig. 3a) . Reflections measured on the 350 8C sample at $30.0 and 35.58 are due to the (220) and (311) planes of the CoFe 2 O 4 phase (pdf# 011121), while the broadened peaks at 37.0 and 43.08 are due to the reflections from the (111) and (200) planes of NiO nanoparticles (pdf# 780643) (Fig. 3b) . The appearance of reflection around 448 suggests the oxide phases are reduced into metallic forms of the catalysts assigned to Ni (111), Fe (110), and Co (002) Scanning electron microscopy and TEM analyses show only amorphous carbon on the sample synthesized at 350 8C. CNTs appear in the samples grown at temperatures at or above 400 8C (Fig. 4) .
It is worth mentioning, that preliminary experiments with acetylene have been successful to grow MWCNTs at low-temperatures. Already at 400 8C, nanotubes emerged from the Fe-Co-Ni trimetallic catalyst (2.5-2.5-2.5%).
It is a generally accepted view for nanotube growth, that the carbon precursor has to decompose to carbon atoms or to a few atomic clusters before those are adsorbed on or dissolved in the catalyst nanoparticles. When cracking hydrocarbons, the first bond cleavage is the most energy demanding step. Since the bonds in hydrocarbons are very energetic (C-C, $350 kJ/mol and C-H, $410 kJ/mol) [22] cracking can take place only at high temperatures. Once radicals have formed, the subsequent reaction steps towards the decomposition of the molecule should take place [23] . Accordingly, having low energy bonds such as the C-O epoxide ($280 kJ/mol) in cyclopentene oxide [24] is expected to enhance radical formation allowing the precursor to decompose at lower temperatures than with saturated and aromatic hydrocarbons. In the case of methanol, the weakest bond is the C-OH (385 kJ/mol) [25] which can explain why xylene:methanol mixture was not a suitable precursor at such a low temperature using the same catalyst. In the case of bi-and trimetallic catalysts, the particular function of metals is not well understood. The different carbon solubilities as well as surface/bulk diffusion rates on/ in the metals can provide a broader parameter window for both nucleation and growth [29] . On the other hand, the FeCo-Ni based mixed oxide catalyst/Al 2 O 3 support may enhance dehydration of the methanol precursor allowing lower decomposition temperatures compared to single metal catalyst systems [30] . Several groups have shown earlier, that CNT growth rate on bimetallic catalyst compositions can be considerably higher than on the corresponding individual metals [26] [27] [28] . Our results also support these findings for methanol precursor. Preliminary experiments with acetylene show also good activity on the trimetallic catalyst, however further studies are required to compare the growth rates with those on mono-or bimetallic catalyst materials. Anyhow, the week p bonds between the carbon atoms in acetylene may be responsible for the reactivity of this precursor.
Apart from the easy decomposition of oxygenates, a further possible advantage of using such precursors is the continuous supply of oxygen which can help keeping the catalyst surface clean similar to that found for precursors with added water [31, 32] .
Summary
We have grown MWCNTs at low temperatures (below 500 8C) by thermal CVD on Co catalyst from cyclopentene oxide, on various bi-and trimetallic catalyst combinations of Fe, Co, and Ni from methanol, and on trimetallic Fe-Co-Ni catalyst from acetylene. The results suggest that low energy covalent bonds in precursor molecules can initiate decomposition of the source and allow CNTs growth at lower temperatures than from saturated hydrocarbons.
